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ABSTRACT

An experimental study of a subsonic expansion tube was carried out to
determine its utility as a test facility for studying the drag of small spheri-
cal particles at subsonic Mach numbers and Reynolds numbers below 1000.
Of particular interest were the length of "steady' flow achieved, the steadi-
ness of this flow, the tube geometry needed to optimize the flow quality,
and the growth of the unsteady boundary layer on the tube walls. It was
found that a 15 ft long tube was capable of providing useful flows for at

least 15 msec for Mach numbers up to about 0.7.
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This research was part of an investigation, entitled ""The Study of the
Dynamics of Inert and Reacting Particles in the Exhaust of Solid Rocket
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NOMENCLATURE

speed of sound

cross-sectional area of pipe

cross—-sectional area of orifice opening

particle drag coefficient

particle diameter

pipe diameter

percentage change in s/msec behind expansion wave
length of tube

distance between tube exit and observation point
Mach number

pressure

drop in static pressure across expansion wave
drop in total pressure across expansion wave
probable error in s

dynamic pressure

radial distance from pipe centerline

pipe radius

gas constant

Reynolds number based on particle or pipe diameter
Reynolds number based on X

generalized flow or fluid variable

change in s over time interval At

time

time interval between measurements behind expansion
wave

test time for 20 =0
test time lost for io £0
test time for 10 £0

ix
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tank

]
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Subscripts

1
3

3s
3t

22

ave

temperature

gas velocity
particle velocity
volume of dump tank

longitudinal distance along tube centerline measured
positively from open end of tube

particle displacement

distance slug of gas has travelled when it reaches
observation point

particle acceleration
boundary layer thickness
ratio of specific heats
axial velocity ratio (vp/ u)
gas density

particle density

viscosity

initial conditions in tank

flow variable (except stagnation quantities) in region
behind expansion wave

experimental Mach number based on P4/ P 3

stagnation quantities behind expansion wave and
experimental Mach number based on P3t/P3

initial conditions in tube

experimental measurement at 7 msec atter arrival of
expansion wave head at observation point

experimental measurement at 22 msec after arrival
of expansion wave head at observation point

average value of s over time interval At

rocket chamber conditions



e tube exit conditions

time (after passage of head of expansion wave at
observation point) for second experimental measure -
ment, usually 22 msec

g gas conditions

i time (after passage of head of expansion wave at
observation point) for first experimental measurement,
usually 7 msec

Superscripts

* average value of flow variable in central core of gas
(outside of boundary layer) at one measurement time

xi
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1. INTRODUCTION

Recently, at The University of Michigan, there has been interest in
obtaining particle drag coefficients pertinent to two phase flow in solid
propellant rocket nozzles. In Fig. 1 (which has been reproduced from
Ref. 1) it is seen that the subsonic slip flow regime is of substantial im-
portance in such a study. A recent investigation by Selbergz employed a
shock tube to accelerate small, nonburning particles in continuum flow at
incompressible Mach numbers; the particle sizes ranging from 150 to
450 . However, these experiments were limited by the short period of
useful flow that is inherent in shock tube experiments. For the 16 ft,
constant area, single diaphragm shock tube used in Selberg's experiments,
the test time was no more than 5 msec for incompressible continuum flow.
The available testing time in this shock tube decreased rapidly for Mach
numbers above about 0. 5.

Theoretical analyses indicated that sufficient test time for the acquisi-
tion of subsonic compressible slip flow drag coefficients of small burning
and nonburning particles could be obtéined in a simple expansion tube. In
this device, a centered expansion wave propagates into the tube after a
diaphragm is burst at the open end of the tube. A wave diagram of the
subsonic expansion tube is shown in Fig. 2. Aerodynamic testing can be

carried out in the quasi-steady flow occurring between the passage of the



centered expansion wave and reflected head of the wa\-re. It should be noted
that this device is limiteq to subsonic Mach numbers, since as sonic flow
is approached, the centered expansion wave tends to fill the tube and thé
period of quasi-steady flow rapidly shrinks to zero.

It was the object of this investigation to evaluate experimentally the
performance of a subsonic expansion tube as a device suitable for studying
the drag of particles in subsonic compressible slip flow. In particular, it
was desired to obtain information about the operating characteristics of
the expansion tube with special emphasis on flow steadiness, length of
'steady’ flow, and the tube geometry necessary to optimize the 'steady'
flow. These studies were carried out at test conditions related to the
particle drag problem; i.e., particle Reynolds numbers (based on par-
ticle diameter) below 1000. Assuming that particle drag studies would
be conducted using 1/64 in. diameter spheres, the maximum Reynolds
number (based on a tube diameter of 3.1 in.) of the expansion tube studies
was taken as 1.98 x 105; measurements were made at this value of Re and
at 1/10 this value, 1.98 x 104. These operating conditions required tube
pressures below atmospheric and thus a dump tank was required at the end of
the tube.

In Section 2 below, a theoretical analysis of the expansion tube and its
operation is presented. Section 3 presents a discussion of the tube and instru-

mentation used in this study and a discussion of the experimental procedure



and an error analysis is given in Section 4. Finally, a discussion of the

results of this study is found in Section 5.



2. THEORETICAL ANALYSIS

2.1 MACH NUMBER—REYNOLDS NUMBER PERFORMANCE

In using a shock tube (or expansion tube) to make particle drag meas-
urements, the particles are dropped into the tube just ahead of the incident
shock (or expansion) wave. The particles are accelerated by the quasi-
steady flow behind the wave and their "free' trajectory is recorded optically
as a function of time; e.g., see Ref. 2. If the velocity, density, and
temperature of the gas behind the wave is known together with the instan-
taneous values of particle velocity and acceleration, it is possible to
determine the instantaneous value of the particle's drag coefficient.

The gasdynamic state of the gas behind the incident wave in the expansion
tube can be obtained from the "jump'' relations for the starting expansion
wave and the initial conditions upstream and downstream of the tube's
diaphragm.

The ideal theory for isentropic, time dependent wave systems, Ref. 3,
yields the following expressions which describe the flow behind the centered

expansion wave in terms of the stationary gas properties ahead of the wave:

y-1)/2y
3 (1

u _ﬁé_l_(ﬁ
3 y-1 P4
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M. = __2_ (El_ -1 (3)
3 yv-1 P3
1/y
P3 = f:ri(;g) (4)
4\ 4
T,=T, (P—) (5)
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For a particle accelerating in the flow behind an expansion wave, the

Reynolds number and Mach number of the particle, relative to the test

gas, are:
P, (u, -v.)d
Re = 3 ?L P (6)
3
u, -V
3
M=—_—F ™
3

The particle motion is assumed to be in the direction of the flow. For
short test times and low particle accelerations, the particle velocity re-
mains small; i.e.,

Vp < ug



Thus

p, u, d
Re = _?ii (8)
H3
U3
M = M3 = — (9)
a3

If Eq. (1), (3), and (4) are used to replace Pq and ug in Eq. (8), Re can be

expressed as

P a dM (y+1)/v-1
_Ta™ %Y 1 (10)
RT, ngMgfy v -1 51M3

Re

where g is a function of T3 which in turn is related to M3; Hq can be found
as a function of M3 by using the tables of Ref. 4, along with Eq. (5). For
the temperatures encountered in the expansion tube operating with air
initially at room temperature (5300R), the relation for the viscosity in

lom/ft-sec is

2

-6 -6 5
u3—(1.90x10 ) +(.0196 x 10 )T4<5+M3) (11)

These relationships have been used to obtain M gasa function of P 4d for
constant values of Re; the results are presented in Fig. 3 for several values
of Re of interest to the particle drag problem. In this ploty =1.4, R =

gas constant for ideal air, and T 4= 530°R. As an example of the use of



Fig. 3, if M3 versus P 4 for 1/64 in. diameter particles is desired, the

abscissa should be multiplied by 64.
Applying Newton's Secénd Law to an accelerating particle

3 2
4 (d 1 2 d
Pp 5.”(5) a=3pglug-v) Cp "(5) (12)

Again noting that vp < Ug, the particle acceleration can be expressed as

2
a s _—3[)?:1 °3 dCD (13)
Pp
If Eq. (1), (3), (4), and (10) are substituted into Eq. (13), the particle
acceleration becomes
3y RT, K.(M,) M, Re
o= 4 33 3 ¢ (Re) (14)
4p. d%a |1+%-Im| P
Pp 4 2

where it is assumed that the drag coefficient is a function of Reynolds
number only and is equal to the steady state experimental value found in
Ref. 5. For particle Mach numbers below 0. 3, the effect of compressi-
bility is negligible and CD is a function of Re only; for higher subsonic
Mach numbers the drag coefficient does depend upon Mach number.
However, since the expansion tube only can be operated satisfactorily
for M3 S 0.8, and since only a first order solution is of interest here,

the effect of Mach number on CD isneglected. In Fig. 4,the acceleration



parameter app d2 is plotted versus M3 for the range of Reynolds numbers
of interest. Again, if M3 versus o for 1/64 in. diameter, sapphire par-
ﬁcles is desired, the abscissa of Fig. 4 should be multiplied by 531. 26.

For constant flow conditions and short test times the drag coefficient
is essentially constant since Re = constant. Therefore, the acceleration
of the particle is approximately constant and for zero initial particle velocity
and a zero thickness expansion wave, the particle displacement in t sec is

2
xp=%— (15)

2.2 TEST TIME

The test time at a given observation point is defined as the time be-
tween the passage of the tail of the incident expansion wave and the pass-
age of the head of the reflected expansion wave, see Fig. 2. The equation
that describes the path of the reflected expansion wave head as it passes
through the remainder of the incident wave is found in Ref. 6; for the coordi-

nate system shown in Fig. 2 it is

a.t 3 "}’)/7"‘1

- -2 y+1,(74 16
x 7-1a4t+y--1ﬂ<—£_) (16)

The path of the tail of the expansion wave before reflection is

x/t=a (17)

3~ Y3



The intersection point (xi, ti) is defined as the pbint where the tail and
reflected head meet; using Eq. (1), (2), (3), (16) and (17) the intersection

point is found to be:

| 1/2(y-1) |
2 Yy -1 + .

a, (1 -M,)
x, = —2 3t (19)

i vy -1 i
(1 +———-2 M3)

After intersection the path of the head of the reflected expansion wave is

expressed by

X - X. 3.4(1+M3)

ToE C - @gTu =
i <1+——2——M3>

The time for the reflected head to travel from the intersection point to the

(20)

point of origin of the expansion wave, i.e., point of diaphragm rupture, is

- M3

The test time at the point of diaphragm rupture can therefore be expressed as

2

tR=ta+ti=1+M3ti (22)

In the actual expansion tube, a small amount of test time is lost by

making measurements at a point slightly upstream from the point of
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diaphragm rupture; this is necessary to insure a well formed flow at the
observation point and to avoid three-dimensional effects in the vicinity of
the orifice plate. If ﬂo is the distance from the tube exit to the observa-

tion point, the time lost, tL’ is expressed as

I 2 20 (Y=L 41

o o 2 3
] =3 5 (23)
3 T\ 1-Mm

- +(a, +u
e 3

3 3)

The theoretical test time at position x = io for an expansion tube of length £
is therefore

A=ty -t (24)

Plots of t_/2Land t /¢ arefoundin Fig. 5 for y =1.4anda, = 1130. 0 ft/sec;
0 3

4

for !ZO =9 in. and £ = 15 ft, t, is about 20 msec for M, <0.8.

T

2.3 EFFECT OF DIAPHRAGM PRESSURE RATIO AND ORIFICE
SIZE ON MACH NUMBER

The initial pressure on the low pressure side of the diaphragm is

denoted by Pl’ i.e.,P, is the initial tank pressure. It was found experi-

1
mentally that the pressure behind the expansion wave in the pipe, P3, is
very nearly equal to 1'-‘1 if the pipe exit remains unchoked. That is, the
unsteady wave system consists primarily of a centered expansion wave

moving upstream in the pipe; the compression system formed by the burst-

ing diaphragm weakens quickly as it spreads into the tank and its effect is
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therefore negligible. Thus, it is assumed that all the pressure drop occurs

across the expansion wave. Setting P3 = P1 in Eq. (3), the Mach number of

the flow in the pipe accelerated by the expansion wave becomes

p -2y |
_ .2 4 1  (25)
M= T |\7, -
If an orifice is placed at the tube exit, M3 depends upon P 4/ P1 and

Ao/Ap for unchoked flow and only on Ao/Ap for choked flow. Denoting

conditions at the orifice by e, and conditions in the pipe by the 3, the

pertinent equations become:

P
2 4
M3—-——.y_1 F;) -1 (3)

v fy-1) v/y-1)
P (1 + % Me2> = P, (1 + y—él M32> (26)

1 5 (y+1)/2(y-1)
i—°=x31+ %1M2 (27)
P el1+%

5 Mg

where Eq. (26) and (27) are the usual equations for steady isentropic flow.

If the orifice remains unchoked the exit pressure, Pe’ is equal to Pl’ and

Eq. (3) and (26) can be arranged to yield

11
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1/2

p W2y v -1y2
2 4 2 3

M, =——|l== -1 (28)
3 7-1 Pf 1+’}’-1M2
e

2
where Me is found from Eq. (26). Combining Eq. (27) and (28) the expres-
sion relating My, P4/P1 and Ao/Ap is
p /2y
Bo _ Y "1 -
A (y+ DAy - r 2
p y -1 (v-1/y y-1_2
(1+ 5 M3) 9 (fi) 1+ 5 M3 »

y-11\P 2
v-1

1
Equation (29) is difficult to use; it is easier to select Mg and Ao/Ap’ and

(29)

then use steady isentropic tables (e.g., Ref. 11) and Eq. (3) to find P4/P1.
Equation (29) is plotted in Fig. 6 for four area ratios: Ao/Ap =1, .953,
.903, and .737. Once the orifice chokes, the pipe flow Mach number is
independent of diaphragm pressure ratio and is defined by setting Me =1in

Eq. (27), i.e., M, is found from

3

A (y+1)/2(y-1)
1 [ o2 1.2
K%'M;[yn(“yz M3)] (30)

In Fig. 7, x-t plots are presented which show the effect of the orifice in

producing a flow of constant M3 with choked exit. Throughout this analysis



it has been assumed that the orifice coefficient is one; if there is any
contraqtion in the stream behind the orifice (tank side),the orifice coef-
ficient will be less than unity and the Mach number predicted by the above

analysis will be high.

13



3. EXPERIMENTAL FACILITY

3.1 FACILITY DESIGN

The facility chosen to study the flow produced by a centered expansion
wave and its applicability to particle drag studies in the slip flow regime
was a pipe 15 ft in length with a 3.1 in. inside diameter. One end of the
pipe was open and was attached to an 11 ft3 dump tank; the other end was
closed. A drawing of the facility is presented in Fig. 8. Ordinary water
pipe was used and consequently the inside surface was moderately rough;
the length of 15 ft was chosen to insure 15 msec of test time. The dump
ta_.nk was needed because of the pressure level of the experiments, i.e.,the
tank pressure varied from one mm Hg to.a. few psi. The inside surface of
the tank, which was made of boiler plate, was varnished to eliminate any
dirt problem.

A special flange system,machined from steel, was designed so that the
pipe and tank could easily be sealed and coupled. One flange screwed
directly onto the open end of the pipe to form a flush end surface; this
flange had a thickness of . 568 in. and an outside radius of 13 in. The
other flange, which was welded to the dump tank also had a thickness of
.568 in. and a 13-in. outside radius. Its inside radius was 9 in. This was
also the size of the hole cut in the tank. A diaphragm to separate the high

pressure gas in the pipe from the low pressure gas in the tank was placed

14



between the flanges, and the f)ipe and tank were clamped shut with "Vise
Grips'. The tank was placed on a rolling platform to facilitate closing.

To insure a tight seal, an "O'" ring was built into the tank flange. A plﬁnger
driven forward by a Saval 24 volt D.C. solenoid was used to burst the dia-
phragm. The orifice plates (machined froni aluminum) were attached to

the pipe flange with machine screws; -the outside diameter of the orifice

plates was 5 in. while their thickness was 1/8 in.

3.2 DIAPHRAGM: MATERIAL, ARRANGEMENT AND BREAKER

An extensivé study was carried out to determine the combination of
diaphragm material, arrangement, and breaker that would yield the best
formed expansion wave for diaphragm pressure differences from a few
mm Hg to a few psi. It was found that Dupont MD-31 cellophane, 0.001 in.
thick, worked best when broken by a sharp compass needle point. The
compass needle point was attached to the end of the solenoid driven plunger.
For a diaphragm pressure difference of a few mm Hg, it was best to have
the unsupported surface area of the diaphragm as large as possible; for the
flange arrangement discussed in the preceding section it was possible to
expose 63.6 '1n.2 of diaphragm surface to the pressure difference. When
punctured in the center by the compass needle point the cellophane split

into several petals along rays 4.5 in. in length. The accelerated gas issuing

15
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from the 1. 55 in. radius pipe easily pushed these petals out of the way.
Very little shattering of the cellophane occurred with this scheme. At
diaphragm préssuré differences of a few psi, the diaphragm surface area
had to be reduced; otherwise the diaphragm would break before the full
pressure difference was reached. As shown in Fig. 8, the exposed area of
the diaphragm was reduced to the cross-sectional area of the pipe (3.1 in.
diameter) with the aid of an adapter plate attached to the solenoid support
in the tank. (When the pipe and tank were sealed, the adapter plate merely
pushed against the diaphragm to decrease its unsupported surface.) When
broken, the cellophane still petaled but not as neatly as in the low pressure
case, and some shattering occurred. However, this method was better than
using a thicker cellophane without the adapter plate. Other diaphragm ma-
terials tried were . 0017 in. cellophane, .0015 in. mylar, and dental dam.
The . 0017 in. cellophane and mylar were found to be too strong (for the
diaphragm pressure differences used) and exhibited erratic breaking charac-
teristics. The dental dam was stretched tightly over the pipe end and broken
mechanically; it pulled away from the pipe centerline very quickly but
vibrated,causing disturbances in the flow.

Various plunger ends were tried. A blunt end plunger produced many
well formed cellophane petals along with some shattering. However, the
blunt end plunger had to be discarded because it produced a weak compres-

sion system which preceded the expansion wave into the pipe; this was



caused by the blunt plunger first pushing the diaphragm forward before
breaking. The compass needle end was used because it eliminated this

undesirable effect. A plunger end with crossed knife edges was also tried;

“however, it gave erratic breaking and did not produce well formed petals.

Tests were conducted with the 24 volt D.C. solenoid supplied with 12,
24, 36, and 48 volts D.C. It was found that it was best to underdrive the
solenoid by supplying it with only 12 volts. I the solenoid was operated
at higher voltage it also caused a weak compression system to precede the
expansion wave in the pipe; this effect occurred even if the compass point
was used and intensified with increased supply voltage. The only difficulty
encountered by driving the solenoid with only 12 volts was that the time for
the solenoid plunger to travel forward varied slightly between runs —with

increasing supply voltage, the travel time became very repeatable.

3.3 PRESSURE SYSTEM AND INSTRUMENTATION

In Fig. 9 a diagram of the vacuum ana pressure systems is shown; the

pressurization system was included so that tests could be conducted with the

tank removed. In these tests the pipe could be pressurized to 2.7 atm;
. 0017 in. cellophane was used for the diaphragm and was broken manually
by striking it with a sharp object. Design of the vacuum system was such

that both the pipe and tank were evacuated to the desired P,, and then the

4

tank was evacuated further to Pl' A hard vacuum was unnecessary and

17



18

therefore the limit of evacuation was approximately 0.1 mm Hg. Depending
upon the range of operation, P 4 and P1 were read on either of the Wallace
and Tiernan absolute pressure gauges or on two mercury manometers.

The Wallace and Tiernan gauges were calibrated against a U-tube manom-
eter containing dibutylphthalate.

To measure the flow static pressure, P3, a 1/8 in. diameter hole was
drilled through the pipe wall and a Kistler 7T01A pressure transducer was
mounted on the outside wall. The flow total pressure, P3t’ was measured
with the aid of an impact tube connected to another pipe- mounted Kistler
701A transducer —see Fig. 10. The impact tubes used had outside diam-
eters of 1/4 in. and 1/8 in. and were made of copper and steel respectively.
In Ref. 7 it is indicated that an impact tube yields the correct steady flow
total pressure if the Reynolds number based on free stream conditions and
tube inside diameter is greater than 60-—for the tests conducted this condi-
tion was always satisfied. More recent work on the effects of viscosity and
slip on the flow near a stagnation point is found in Ref. 8. By using Fig. 7
of this reference, the total pressure reading of the impact tube could be
corrected. However, for the tests run, this correction was always negli-
gible, even for the most severe cases, and therefore the impact tube pres-
sﬁre measured was taken to be the correct total pressure.

Again referring to Fig. 10, which shows the complete electrical system,

it is seen that two Kistler Model 566 multi-range electrostatic charge



amplifiers were used to amplify the signals from the pressure transducers.
This system had a rise time of a few microseconds and was very sensitive
to weak pressure signals. The signals from the amplifiers were fed to a
dual beam, fdur' channel, Tektronix oscilloscope where the pressure traces
were displayed and recorded on Polaroid film. The oscilloscope was triggered
externally with the aid of a time delay which was activated when the solénoid
was fired. To avoid excessive noise in the pressure traces, 5 megohm resis-
tors were placed in the lines between the transducers and amplifiers. Coupled
with the capacitance of the lines, these resistors acted as fiiters sufficient
to eliminate much of the noise caused by mechanical tube vibrations. The
response of the transducer-amplifier system to aerodynamic pressure changes
was not greatly affected by the inclusion of the filters. Because the activated
solenoid produced an electrical field, the pipe (with which the transdﬁcers
were in electrical contact) had to be isolated from the tank (to which the
solénoid was fastened). This was accomplished by covering the outside
surface of the pipe flange with a sheet of mylar: when the clamps were
applied‘ one end touched the mylar while the other end touched the tank flange.
The cellophane diaphragm isolated the inside surfaces of the flanges.
Calibration of the oscilloscope voltage levels was accomplished by com-
parison with '"known'' voltage drops as measured by a high accuracy potentiom-
eter. Calibration of the Kistler transducer-amplifier combination was more

difficult; this was due to the natural time constant of the Kistler equipment,
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i.e.,when the Kistler éombination was displaced from its tare value, it
returned (to tare) naturally according to its time coﬁstant. The time
constant was measured and its influence was incorporated into the data
reduction. As it was of the order of a second, its effect over the time inter-
val examined experimentally (22 msec) was small, but not negligible. The
crystals used in Kistler transducers are known to be temperature sensitive;
however, it was felt that this effect was unimportant for these experiments
because the temperature change across the expansion wave was no larger
than 150°R. The amplification of the Kistler combination was measured
using a "miniature' expansion tube of length 6 in. which was pressurized

to some level above room pressure. When the diaphragm was punctured,
the pressure in the tube quickly dropped from the pressurized level to
ambient, i.e.,the oscillating unsteady wave system in the tube usually
damped out in 3 msec. The pressurized level of the tube and ambient
pressure were measured with mercury manometers, and were compared

against the pressure traces obtained on the oscilloscope.



4. EXPERIMENTAL PROCEDURE, DATA REDUCTION,
AND ERROR ANALYSIS
4.1 SCOPE OF EXPERIMENT
The experiment consisted of determining the Mach number of the flow
behind the expansion wave and its steadiness with regé.rd to Mach number,

Reynoids number, and dynamic pressure. P 4 P1, P3, and P3t were meas-
ured; the Mach number (by two methods), Re, qg: Ug, and diaphragm pres-
sure ratio were calculated knowing these pressures. It was also of interest
to determine the boundary layer thickness and profile. This was accom-
plished by moving the impact tube radially. By comparing velocity profiles,
it was possible to distinguish between laminar and turbulent boundary
layers. For one series of tests a pressure transducer was located 3 ft
from the point of diaphragm rupture, and these results were compared with
pressure traces taken at the usual position of 9 in. from the diaphragm.
This series showed the effect of decreasing test time with increasing dis-
tance from the diaphragm rupture point. It was also important to experi-
mentally verify the test time predicted by theory.

The experiments were conducted at Reynolds numbers (based on pipe
diameter) of appraximately 1.98 x 104 and 1.98 x 105, using four different
orifice-to-pipe area ratios, i.e. ’Ao/Ap =.737, .903, .953, and 1. Due
to difficulty in measuring the pipe diameter, the tolerance on the area

ratios is approximately + .01. In what follows, Re £1.98 x 104 will be
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referred to as the low pressure or low Reynolds number case, while
Re=1.98x 105 will be referred to as the high pressure or high Reynolds
number case. The flow Mach number was varied from 0.2 to 0.9. To
eliminafe the effect of compression waves issuing from the dump tank, a
series of runs was made with the tank removed. This, of course, resulted
in higher pressure levels since P1 had to be room pressure; the Reynolds

number ranged from 6. 50 x 105 to1.94 x 106.

4.2 EXPERIMENTAL PROCEDURE AND DATA REDUCTION METHOD

For each run the tank and pipe were pumped to the desired pressures;
the tank pressure, Pl’ and the pipe pressure, P4, were read. The dia-
phragm was burst mechanically, and the resulting expansion wave acceler-
ated the stationary gas. A time history of the static and total pressures,
9 in. from the pipe exit, was taken using the pressure transducer-amplifier-
oscilloscope arrangement described in Section 3. 3. Typical oscilloscope
pressure traces are shown in Fig. 11. As the incident expansion wave
moved past the observation point, the static pressure dropped from P 4 to P3
and the total pressure dropped from P 4 to P3t' The pressure dropped again
when the reflected expansion wave passed the pressure sensors. Four meas-
urements were made from Polaroid photographs of the oscilloscope traces.
The static and total pressures were measured at 7 and 22 msec after the

passage of the head of the expansion wave at the pressure sensors. Meas-

urement of the pressure at these two times was the most meaningful, since
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at 7 msec the tail of the incident expansion wave had usually just passed, and
at 22 msec the reflected expansion wave was just about to terminate the
quasi-steady flow at the obéervation point. Between 7 and 22 msec the change
in static _and total pressures was due to second order effects (''tank compres-
sions' and boundary layer) and was usually linear.

For each time of measurement, the flow static pressure and total pres-
sure were determined on the basis of the pressure drops from the oscillo-
scope traces. The Mach number was computed from the static pressure ratio

using the relation

-1Y2y

M, =—2_ Ei(y 1 (31)
3s ¢y -1 P, -

and from the ratio of total pressure to static pressure using the usual rela-

tion for steady isentropic flow, i.e.,

o -y )2

)2 P
sty -1 P3

M -1 (32)

Density and temperature of the gas behind the expansion wave were found
using Eq. (4) and (5) respectively, and the speed of sound was found using

Eq. (2). Air was used throughout, and it was assumed that T 4= 530°R and

a, =1130.0 ft/sec.
Equations (31) and (32) show that the experimental value of the flow Mach
number could be determined from either of two pressure ratios, P 4/ P3 or
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P3t/ P3. As oune check on the consistency of the experiment, both methods
were used to evaluate the Mach number. Because two Mach numbers were
determined, two velocities, dynamic pressures, and Reynolds numbers

could also have been determined. However, as expl_ained below in Section

5.2, M3t (determined by P3t/P3) should be more "correct' than M3S

(determined by P4/P3), especially at 22 msec. Therefor'e M3t is taken

as the correct value for M, while M, is calculated only for comparison.

3 3s

(It will be shown that from the standpoint of probable error it would be

better to take M3s as the correct Mach number.) Therefore, the flow Mach

number, velocity, dynamic pressure, and Reynolds number are expressed by

M, = Mg, (33)
ug = M3a3 (34)
- (1/2) v P, M, 2 (35)
A3 373
Au.nd
Re = S 5P (36)
Hg

where Hg is found using Eq. (11).
In analyzing the boundary layer growth it is important to know the
distance that the gas has travelled, i.e.,the length of the boundary layer.

Since the expansion wave is thin at the observation point, for ease of
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calculation it has been assumed that the gas is accelerated from zero velocity
to ug upon the passage of the center of the expansion wave. By definition, the

speed of the center of the expansion wave is

The time required for the wave center to travel from the observation point to

some upstream point X is given as

and the time required for the accelerated gas to travel from X to the observa-
tion point is given by

t, ==

2u3

Then the distance travelled by the gas is

y+1
_ U3 (a4 "4 “3)

3 -v
<a4+ ] “3)

(t1 + tz)

or

(tm -t d/2) (37)
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where tm is the time since the passage of the headof the expansionwave past

the observation point, and t q is the time thickness of the expansion wave at

the observation point. Since t q is small for the Mach numbers of concern

here, it can be neglected compared to tm' The Reynolds number based

upon X can now be determined, i.e.,

=p3u3X

< iy (38)

Re

As a measure of the steadiness of the flow behind the expansion wave,
the percentage change per millisecond, g, was calculated for P3, ug, M3,
dgs and Re. In general, the percentage change per millisecond of some

quantity s is expressed as

A 100
g(s) = @i; e (39)

where At is the time interval between measurements; e.g., usually At =
22 - 7 = 15 msec, since the measurements were made at the beginning and

at the end of useful flow period. As is the change in s during At

As = (s)f - (s)i (40a)

and (S)ave is the average value of s during At

(s)g + (S).1

ave 2 (40b)

(s)

26



For example the percentage change per millisecond in P3 is calculated
from the equation

(P

- (P
8Py =2 1 3’7 100

+ (P3),7 At

3)22
3)22

where the respective measurements were made at 7 and 22 msec after the

passage of the head of the expansion wave at the observation point.

4.3 ERROR ANALYSIS
The approximate experimental errors that apply to the measurements

made in this study were determined to be as follows:

Initial conditions ; P,, T, 1%
Time interval : At 3%
Pressure changes ; AP, AP, 4. 5%

The large errors in At and the AP's were due to the fact that they were
measured from the Polaroid photographs where the scale made measure-
ments difficult. Also the pressure measuring instrumentation (Kistler
transducers, Kistler amplifiers, and oscilloscope) required five separate
calibrations, i.e., Kistler amplification, Kistler time constant, oscillo-
scope amplification, oscilloscope screen nonlinearity, and oscilloscope
gradicule tilt. Since the AP's fundamentally control the accuracy of the
entire experiment, it is necessary that great care be taken in their meas-
urement. | In future work, it would be advantageous to use a more accurate

method of determining the AP's (or P3 and P3t)'
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The above values for the experimental errors were used to determine
the probable error of the several quantities computed for these experi-
ments. The general equation for the probable error P(s), of the quantity
s, is given in Ref. 9. Applied to the present experiments, this equation

takes the form

— 2 2 2
P(s) _|f1 os 2 (1 3s 1 09s 2
s (s ap) (0P,) ( 8T> GRS ( aAP> (0AP)
4 4 S
1/2
1 3s )2 sAp )2
+<§ 3P, ( APt) (41)
where in general
S = S(P4, T4, APS, APt)

since P4, T4, AP and AP,c are the only directly measured quantities.
The probable errors of the steadiness parameters g(s) were determined
from an equation similar in form to Eq. (41). However in this case

g =glsy s;, At)

where
Sp = S (P4 T4, AP of’ Ptf)
s, =8; (P4 Ty AP Pti)
so that
g =g(P,, T,, AP, AP, AP ., AP, At)



The resulting probable errors in P 4/ P1 and the flow variables were

found to be:
P (P,/P,) | P (P.)
4 1 _6.9% 3 - 8.4%
P (u3) P (M3)
=8.9% Y 10.9%
U 3
P (M, ) P (q.)
T38—=2.6% 3 - 14.8%
3s q3
P (Re) :
Re = 12.2%

It is worth noting that the probable error for M3 is four times that for
M3s' In fact, the probable error for M3s is one third that for P3. This
means that errors incurred in the pressure measurements are minimized

by the form of the relation between M3s and P3 and P 4 i.e. ’M3s depends

.143
upon (P4/P3) )

Also, one of the major error contributors, APt, is

not needed in the determination of M3s' It would therefore be advantageous,
from the standpoint of probable error, to use M3S as the "'correct" flow
Mach number. Since Ug, dg, and Re depend upon Mach number this would

most likely also decrease their probable errors, and would eliminate the

use of an impact tube to measure P3t'
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The probable errors in the steadiness parameters were found to be: __

P [g(Py)] | P [gluy)]
P [g(My)] P [g(Mg)]
-———é-(—M—37— = 17. 7 ——é‘—mB—S)_ = 0. 8
P [glq,)] Ple®e)] _¢ 5
——=3.5 g(Re)
glag)

Note that these probable errors are very large; e.g.,the probable
error in the steadiness of P3 is 2.5 times the value indicated by the meas-
urements. It is concluded that a small error in the measurement of a flow
variable yields a very large error in the percentage change of that variable.
Note, however, that the probable error in the steadiness of M3s is the
smallest of all the flow variables. Again it is concluded that, from an
error standpoint, it would be advantageous to use M3s as the ""correct"

flow Mach number.
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5. DISCUSSION OF RESULTS

5.1 THE CENTERED EXPANSION WAVE

Examination of the pressure traces of Fig. 11 shows that the centered
expansion wave was always well formed ai: a distance 9 in. from the point
of diaphragm rupture. As the diaphragm pressure ratio increased the ex-
pansion wave spread. Most of the pressure drop still occurred in a few
msec; however, the "'tail end" portion of the wave was greatly stretched,
even though little pressure drop occurred across this region. As predicted
by theory (Fig. 5), this stretching does not become appreciable until the
flow Mach number is above approximately 0.75. This is also verified ex-
perimentally: in Fig. 12 (Mg vs. P4/P1 for Ao/Ap = 1) it is seen that the
experimental Mach numbers are substantially below the theory for Mach
numbers above 0.75, i.e., the expansion wave has spread to the extent that
it did not pass the observation point completely in the allotted time. For
M3 S o. 75, the spreading is a major contributor in causing the experimental
Mach number to fall below theory. For Mach numbers below 0.75, the time
length of the wave is only a few msec. The head of the reflected expansion
wave always moved past the observation point (9 in. from pipe end) é.pproxi-
mately 22 msec after the arrival of the head of the incident expansion wave.

Therefore, at least 15 msec of test gas was obtained, and in the lower Mach
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number runs this figure was closer to 20 msec. In this study only the last
15 msec of flow was used; this was done to insure that the impact tube obeyed
the theories of steady flow.

It is worth noting that the total pressure reached the "behind the wave"
value before the static pressure did. Assuming essentially equal response
times for the static and total pressure instrumentation, this characteristic
indicates that the static pressure is the better indicator of the passage of
the expansion wave and the beginning of the useful quasi-steady flow. In the
high pressure runs, large amplitude noise was observed in the total pressure
traces immediately after the passage of the expansion wave (see Fig. 11).

It appears that this noise was due to mechanical vibrations of the impact tube,
since it damped out quickly and was more pronounced at higher pressure
levels where the impact force was greater. Generally more noise was en-
countered in the high pressure runs even though the oscilloscope amplitude
was decreased linearly.

From pressure traces taken 3 ft upstream from the diaphragm rupture
point (Fig. 11-¢ and 11-m), the time width of the expansion wave was greater
than for runs of similar diaphragm pressure ratio taken at 9 in. As P4/ P1
approaches 3. 59 (i. e., the choking condition for no orifice) the widening
effect becomes pronounced and very little period of steady flow is obtained.
This was expected on the basis of the x-t plot for the unsteady centered ex-

pansion wave; e. g., Fig. 2, It is therefore desirable to test as close to the
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point of diaphragm rupture as possible. However, because of three dimen-
sional effects, the testing point must be somewhat removed from the pipe
exit, especially when exit orifices, which have a significantly smaller diameter

than that of the pipe, are used.
5. 2 EXPERIMENTAL MACH NUMBER

The Mach number in the flow behind the centered expansion wave can be
determined either from the static pressure ratio across the expansion wave,
i.e., P,/Py, or by the ratio of total to static pressure behind the wave, i e.,
P3t/ P,. For an expansion wave in a shock tube, Glass and Hall (Ref. 10) im-
ply that the isentropic relations between pressure, temperature, and den-
sity hold very well across a centered expansion wave, but that the velocity
calculated using Eq. (1) does not agree satisfactorily with direct experimental
measurements. For this reason the total pressure was measured with the

aid of an impact tube positioned along the pipe centerline; and the "correct"

value of the experimental Mach number was calculated from

(v-1y 1/2

P
2 st
My=17-1 (P3) -1

The ""correct' value of the velocity follows using the isentropic definition of

the speed of sound, i.e., a =vVy RT, and the isentropic relation between
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temperature and pressure. The above scherhe was assumed to give the
best results for direct measurement of only P & P'3, and P3t' As a com-
parison the experimental Mach number was also caiculated using the static
pressure ratio.

In the following discussion M, is the Mach number based on P3t/ P3,

3t

M3s is the Mach number based on P 4/ P3, and both M3s and M, are de-

termined at 7 and 22 msec after the passage of the head of the expansion
wave. From Fig. 16 it is observed that at 7 msec the agreement between

M S and M,, is good, except possibly for the high pressure runs at low

3 3t
Mach numbers. This indicates that immediately behind the expansion wave
the unsteady isentropic relation between M3 and P 4/ P3 also yields the
"correct'" Mach number; it also indicates that the impact tube obeyed'the
steady flow relation between M3 and P3t/ P3. For measurements made at

22 msec, M This result is slightly more

3t is generally higher than M3S.

pronounced at low Reynolds numbers. Since the impact tube appeared to
obey the steady flow relation at 7 msec, and since there were only small
variations in the pressure with time behind the expansion wave, M

3t 18

taken as the '"correct' Mach number at 22 msec. Using M3t as the
"correct' Mach number is further substantiated by the following argument:
M3s will yield the correct Mach number only so long as the right running

Riemann variable | 2a/(y - 1) + u] remains constant; the ideal unsteady

theory (and M3S) are based on this fact. However, for a real expansion
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tube with an unsteady boundary layer, [ 2a/(y-1) + u ] is probably not

constant. Therefore M, is probably in error, and M., is taken as the

3s 3t
"correct' value for M3, and ug, Re, and qq are dependent upon it. In
Section 4. 3 it was shown that the cxperimental error for M3$ was sub-

stahtially less than it was for M3t’ and therefore it would_be advantageous
to take M3s as the 'correct'" Mach number. It appears that this can be
done only immediately behind the expansion wave. For consistency in
this discussion of results, M3t is taken as the "'correct' Mach number at
both 7 and 22 msec.

The effect of diaphragm pressure ratio on M,, for various orifice
diameters, is shown in Fig. 12 through 15. These results show that the
high Reynolds number Mach numbers are generally below the low Reynolds
number values and that this effect increases with decreasing orifice diam-
eter. For 7 msec and pressure ratios near or below 2.5, the experimentay
Mach number values (M3s and M3t)

as the orifice diameter is decreased the experimental values move farther

are near or slightly below the theory;

below theory. For pressure ratios greater than 2.5, the data at 7 msec is
definitely below the theory (except for Ao/Ap = .903 at low Reynolds numbers)
indicating the effect of an orifice vena contracta (except for Ao/Ap = 1 where
the spreading of the expansion wave dominates). With AO/Ap = .953, the

high Reynolds number points seem to level off to the choked value sooner

than the low Reynolds number points do. At high Reynolds numbers with
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choked exit, the Mach number appears to be . 726 instead of the theoretical
value of .776. For Ao/Ap =.903 the high Reynolds number case seems to
choke at a Mach number of about . 63 instead of at the theoretical value of
.683 (for some unexplained reason the low Reynolds number points are above
theory). Finally for Ao/Ap = .737, theory predicts that M3 =.492 for a
choked exit, while experimentally the choked values were . 41 and . 465 for
high and low Reynolds numbers respectively. It is difficult to make compari-
sons concerning the Mach numbers at 22 msec because of the second order
effects involved. However, for the intermediate and higher pressure ratios
(M3t)22 was generally the highest experimental Mach number found, and for
cases with an orifice it was generally above theory.

One series of tests was made with the dump tank removed; the Mach
number was varied from 0. 3 to 0.8 and, correspondingly, the Reynolds
number varied from 6.50 x 105 to1.94 x 106. These data are shown in
Fig. 17. (M3t)7 starts to deviate from theory at a Mach number of approxi-

mately 0.5, and (M is generally near or above (M3s)7' (M3t)22 was the

3t)7
highest data point for P 4/ P1 > 2.0. These data were not taken at diaphragm
pressure ratios high enough to show the effect of wave spreading that is
evident in Fig. 12.

The generally good agreement between theory and measurements

immediately behind the expansion wave (especially for low pressure ratios

and exit diameters near the pipe diameter) indicates that the pipe exit pressure
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was very close to Pl’ the initial tank pressure. This indicates that any
compression system formed by the bursting diaphragm weakened quickly

as it spread into the tank; a weakened compressic;n system was compensated
for by a strengthened centered expansion wave. Further, no shock wave
was ever observed in the pipe. Therefore, as the theory of Section 2.1

assumes, the pressure drop from initial pipe pressure, P,, to initial tank

4
pressure, Pl’ occurs completely across the centered expansion wave. Of
course, as gas flows into the tank, its pressure increases slightly above P1;
and this effect must be considered as the expansion wave moves upstream.
5.3 SECOND ORDER EFFECTS

Ideally, the flow behind the centered expansion wave should be steady
in all respects. However, due to the action of the rising dump tank pres-
sure and the uasteady boundary layer, variations in the flow behind the
expansion wave do occur. After the diaphragm is burst, gas flows into the
dump tank causing its pressure to rise. Figure 18 shows that the rise in tank

pressure, divided by P,,, is a function of M3. The gas pressure in the tank

3
becomes greater than the static pressure behind the expansion wave and
therefore a weak compression system moves into the pipe. At the obser-
vation point, the pressure in the flow behind the expansion wave will increase
and the velocity will decrease with time. At the pipe exit, any upstream
moving waves have a velocity equal to (ae - ue). Therefore, by choking

the pipe exit with an orifice the compression system will be eliminated from

the pipe.
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In Fig. 19, 20, 21, and 22 (which are plots of the rate of change of
P3 and ug at the observation point) the effect of the orifice is shown. For
decreasing orifice size, which causes choking at a lower flow Mach number,
the pressure increase and velocity decrease behind the wave are reduced.
However, for choked conditions the flow behind the expansion wave is still
not '"constant''; there is yet the effect of the unsteady boundary layer. The
action of the unsteady boundary layer is more difficult to describe; only the
conclusions from the experiments are presented here. For Ao/Ap =.737
and flow Mach numbers greater than 0. 35,the exit Mach number is choked
or very close to being choked; also, the expansion wave remains thin because
the maximum flow Mach number attained is 0.5. Therefore, any change in
the flow behind the expansion wave should be due to the unsteady boundary
layer. Figures 19 to 22 show that the pressure appears to decrease and
the velocity appears to increase. This is further substantiated by Fig. 23,
which was obtained from data taken with the dump tank removed and without
an orifice. The pressure behind the wave only decreases with time, while
the velocity increases with time for M3 > .54. However, for M3 < .54
the velocity decreases with time, and this prevents a generalization that
the unsteady boundary layer causes the pressure to decrease and the ve-
locity to increase.

Neglecting the decreasing velocity of Fig. 23, it might be possible to

conclude that the unsteady boundary layer effect, as observed 9 in. from
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the pipe exit, causes a weak unsteady expansion system similar to that of
the primary expansion wave- with the result fhat the right running Riemann
variable [2a/(v-1) + u] remains constant throughout the flow. In the
previous section, it was shown that this approach is probably in error since
(M

> (M The change in the total pressure, not shown in the

3t)22 3s)22'
figures, was close to zero for the ''no tank' runs, and for the tests with the

tank attached and AQ/Ap = ."737 the value of g(P,,) was approximately . 1.

3t)

(For the three larger orifices g(P .3.) For a left running expansion

3¢
system the total pressure should decrease with time; therefore some fur-
ther doubt is indicated in assuming that the unsteady boundary layer causes

an effect similar to that of an unsteady expansion wave. Because g(P,,) =20

3t)
for the tests where the rising tank pressure was a small influence or no
influence at all, the boundary layer effect may cause the main flow (with
transformed coordinates) to act as a subsonic steady flow through a converg-
ing nozzle. However, the decreasing velocity of Fig. 23 is still unexplained.
It appears that the influence of the unsteady boundary layer is complex and
simplifying assumptions such as constant mass flow and/or [u + 2a/(y-1)

= constant] will generally not suffice. However, it seems reasonable to
assume that the boundary layer affects the flow more as a steady subsonic
area reduction than as an unsteady expansion.

For runs where the orifice diameter is significantly smaller than the

pipe diameter, there will probably be some deformation of the centered
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expansion wave. As the expansion wave passes through the orifice it will
spread and develop a concave curvature, thereby directing more gas towards
the centerline of the pipe. To turn the flow streamlines parallel to the pipe_
wall, a second expansion system following the primary expansion wave is
needed. Such a system might have occurred for AO/Ap = .737; however, its
effect is indistinguishable from that of the unsteady boundary layer. It
should also be remembered that for Mg > .75, the primary centered expan-
sion wave is significantly wide, so that any measurement of APg or Aug

will include this influence.

5.4 APPLICATION TO PARTICLE DRAG STUDIES

Figures 19 through 22 show that as Ao/ Ap -~ 1, the Mach number for
zero change in P3 and ug increases; this is due to the variation in exit condi-
tions. The conditions for zero change in Mach number, Reynolds number,
and dynamic pressure over the test gas region can also be found. It should

be remembered that M,, Re, and qq are the important parameters for par-

3!

ticle drag studies. In Figures 24 and 25, M, versus AO/Ap is plotted for

3
zero change in PS’ Ug, M3, Re, and dg for low and high Reynolds numbers
respectively. It is instructive to note that the important parameters do not
have coinciding curves of zero change; thus it is impossible to obtain ""steady"
flow with respect to all of the important parameters simultaneously.

In Fig. 26 and 27, the operating ranges of the expansion tube are shown

for the cases of low and high Reynolds numbers, respectively. The operating

range is defined as that region where neither MB, Re, nor q3 has a percentage
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change greater than + 3% during the 15 msec period of quasi-steady flow. (It
is assumed that a + 3% change in the important parameters is tolerable in
particle drag studies.) The operating ranges for low and high Reynolds
numbers differ somewhat: the operating range for the low pressure case
extends from M3 =0to M3 = .71, while the operating range for the high

pressure case extends from M3 =.24to M3 = .65. In both cases the orifice-
to-pipe area ratios needed range from Ao/Ap = .65 to AO/Ap =1. The
reasons for the multivalued shape of the - 3% boundaries for the high
Reynolds number case (Fig. 27) are not known. However, it is suspected
that the shape of these boundaries have been influenced by the large noise

levels occurring at the high pressure condition and the boundary layer

transition that occurs during these tests at these conditions.

5.5 BOUNDARY LAYER PROFILE
Figure 28 shows boundary layer profiles that were determined at four
values of ReX by varying the radial location of a 1/8 in. O.D. impact tube.

The two lower values of Re ., correspond to Re = 1.98 x 104 at measurement

X

times of 7 and 22 msec, while the two higher ReX's have a similar corres-
pondence to Re =1.98 x 105. The essential difference between the profiles
at 7 and 22 msec is that X increases by a factor of 3: for 7 msec,X is
approximately 2.5 ft,while at 22 msec,X is approximately 7. 85 ft. For all
four profiles,the Mach number of the flow outside of the boundary layer was

approximately 0.8. For particle drag studies it is essential to have a

central core free of any boundary layer. For a tube 3.1 in. in diameter,
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a central core diameter equal to one half the tube diameter appears accept-
able. On the basis of Fig. 28, it appears that the low pressure runs satisfy
this criterion. At high pressures, it is doubtful that this criterion is exactly
satisfied. The velocity profiles indicate that the boundary layer has become
turbulent between ReX =6.67 x 105 and ReX =5.7T0x 106. The two lowest
Reynolds number velocity profiles definitely indicate a laminar boundary
layer. For ReX =5.70 x 106, the boundary layer is definitely turbulent:

the velocity gradient is large near the wall, but the velocity does not reach
the central core value until r/ rp = 0.3. Further, it is felt that the total
pressure trace of Fig. 11-n clearly shows boundary layer transition at

ReX £1.9x 106. In this run, the impact tube was positioned such that
boundary layer transition would be accompanied by a drop in total pressure.
Further experiments were carried out in this region and the point of transi -
tion (total pressure drop) always occurred between ReX =1.9x 106 and

ReX =2.6x 106. This is within the range of transition on flat plates and
wings as given in Ref. 5.
The boundary layer data obtained in this investigation were insufficient
to permit a detailed analysis of the unsteady boundary layer in the expansion tube.
However, the data were sufficient to show that, for the operating conditions
of interest, the boundary layer was significant and was becoming thick enough

to leave an insufficient central core for aerodynamic testing. The pipe used

in these experiments had a rough inside surface; this undoubtedly hastened
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the transition and the subsequent thickening of the boundary layer. In any
case, these data have shown that the boundary layer must be considered
in the design and operation of an expansion tube for aerodynamic testing,

especially at the low pressures necessary for the particle drag studies.
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6. CONCLUSIONS

This study was undertaken in an effort to determine the usefulness
of an expansion tube for particle drag studies in the slip flow regime.

For the desired range of flow Reynolds numbers and Mach numbers and the
tube length used, a quasi-steady flow of at least 15 msec was obtained

and in many cases 20 msec was possible. The centered expansion wave
always appeared to be well formed at a distance 9 in. upstream from the
diaphragm. Weak secondary wave systems appeared to be produced in the
flow behind the expansion wave. One system was produced by the rising
tank pressure and appeared compressive; a second weak system was pro-
duced by the unsteady boundary layer and in many respects appeared to be
expansive. By balancing th-e apparently opposite effects of rising tank
pressure and unsteady boundary layer, the conditions for zero change in
the important flow variables were obtained.

For particle drag studies the important flow parameters are Mach
number, Reynolds number, and dynamic pressure; it was found that zero
change in each of these parameiers over the last 15 msec of quasi-steady
flow could be obtained by using suitable exit orifices. I a maximum change
of + 3% in 15 msec was allowed in the important drag parameters, the

Mach number range for a particle Reynolds number* of 100 was 0 to . 71,
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and for a particle Reynolds number of 1000 it was . 24 to . 65. At the higher
Reynolds number, the unsteady boundary layer in the tube appeared turbu-
lent and was growing rapidly with time; its thickness was great enough

to seriously limit the size of inviscid central core available for aerodynamic
testing. At the lower Reynolds number, the boundary layer appeared lami-
nar and was not seriously limiting the central core. However, thé results
clearly indicated the need to consider the unsteady boundary when designing
and operating an expansion tube at pressures low enough for low Reynolds
number particle drag research where relatively long periods of quasi-
steady flow are desired.

This study has shown that the subsonic expansion tube can provide a
quasi-steady flow of sufficient steadiness and length to be useful in "free
trajectory' studies of particle drag under conditions of compressible slip-
flow. Although the present study was limited to flow times of about 15 msec,
it appears that appreciably longer flow times can be obtained by using longer
and larger diameter (to accomodate the increased boundary layer thickness)
tubes. Actual testing in an expansion tube facility must be preceeded by a
detailed calibration to establish the orifice-to-pipe diameter ratio, Mach
number, Reynolds number combinations necessary for suitably steady flow

and to establish the extent of the inviscid central core at each test condition.
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